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ABSTRACT 

Five  Explorer 12 magnetometer records a r e  examined vi i th  t he  

ob jec t ive  of deciding whether the t e r r e s t r i a l  magnetic-field 

l i n e s  on t h e  s u n l i t  s i d e  of t h e  magnetosphere reach i n t o  i n t e r -  

p l ane ta ry  space. It i s  shown how the data. can be used t o  

determine the  vec tor  normal t o  the magnetopause su r face .  The 

f i e l d  component a long t h i s  normal vec to r  i s  computed. I n  

t h r e e  cases ,  a l l  occur r ing  during magnetic-storm ma.in phases,  

normal-field component of 7-8 I f  a.re found. I n  st l e a s t  one of 

these  cases  t h i s  r e s u l t  cannot r e a d i l y  be explained by experi-  

mental e r r o r s .  O f  t h e  two remaining cases ,  occurr ing during 

magnet ical ly  v u i e t  condi t ions ,  one was inconclusive and t h e  

o t h e r  showed an i n s i g n i f i c a n t l y  small  normal-field component. 

The meamured normal vec to r  i s  found t o  dev ia t e  s u b s t a n t i a l l y  

from t h e o r e t i c a l  p red ic t ions  suggesting waves o r  l o c a l  bumps i n  

t h e  magnetopause su r face .  

of t h e  i n t e r p l a n e t a r y  medium seems t o  ha,ve pene t ra ted  more than  

one earth r a d i u s  i n t o  t h e  magnetosphere. 

I n  one of t h e  storm cases  a tongue 
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INTRODUCTION 

The f irst  extensive observat ions of t h e  boundary of t h e  

geomagnetic f i e l d ,  t h e  so-called magnetopause, on t h e  s u n l i t  

s i d e  of t h e  magnetosphere were made from t h e  Explorer 12 sat- 

e l l i t e  (Cahi11 and Amazeen, 1963). The t r a n s i t i o n  from t h e  

t e r r e s t r i a l  t o  the  compressed interplanetary f i e l d  vas iisuelly 

a.ccompa,nied by an abrupt change of t h e  f i e l d  direck-ion. Th i s  

implies  t h e  ex is tence  of a, cur ren t  shee t  a t  t h e  boundary. 

Furthermore, it was found that t h e  e x t e r n a l  f i e l d  f r equen t ly  

had a d i r e c t i o n  roughly opposite t o  t h a t  of t h e  geomagnetic 

f i e l d  j u s t  i n s i d e  t h e  boundary. Such a s i t u a t i o n  i s  fa,vora.ble 

f o r  t h e  occurrence of en open magnetosphere where t h e  e a r t h ' s  

p o l a r  f i e l d  l i n e s  reach i n t o  in t e rp l ane ta ry  space (Fig. 1). 

T h i s  i s  the  model discussed by Dungey (1961, 1963), and more 

r e c e n t l y  by Petschek (1964). On the  o t h e r  hand, a closed 

magnetosphere i s  a l s o  poss ib l e  i n  t h i s  ca se .  Here t h e  ter-  

r e s t r i a l  f i e l d  l i n e s  axe e n t i r e l y  confined t o  the geomagnetic 

ca,vity as shown i n  Figure 2. I n  both cases  the f i e l d  r e v e r s a l  

on t h e  s u n l i t  s i d e  of t h e  magnetosphere can be accomplished by 

a t h i n  cu r ren t  sheet. However, an  important d i f f e rence  i s  t h a t  

the  magnetic-field component; perpendicular  t o ,  and wi th in ,  t h i s  

t h i n  cu r ren t - l aye r  should be very sma.11 f o r  t h e  closed magneto- 

sphere whereas a subs tan t  i a . 1  perpendicular  component could. 

occur i n  t h e  open case .  From t h e  topo log ica l  viewpoint 8, dis- 

t i n g u i s h i n g  f e a t u r e  i s  t h e  ex is tence  of X-type magnet ical ly  

n e u t r a l  p o i n t s  i n  t h e  cu r ren t  l a y e r  of t h e  open model and of' 

0-types i n  t h a t  of t h e  c l o s e  one; see Figures  1 and 2. Our 

d i scuss ion  w i l l  be confined t o  t h e s e  two magnetosphere models 



even though they a r c  net t h e  only conceivable ones. 

I n  t h e  present  paper we examine i n  d e t a i l  f i v e  se l ec t ed  

Explorer 12 magnetometer recrartis a.t  t h e  ma.gnetopa.use w i t h  the 

ob jec t ive  of deciding whether t h e  magnetosphere was closed or 

open. 

A vec to r  n.orma.1 to t h e  boundary su r face  i s  derived. from 

t h e  measurements and t h e  ,rna.giiei; ic-f:eld compcnent perpendicular  

t o  t h e  su r face  i s  computed. A l s o ,  we es t imate  the 1oca.tion 

of t h e  s i n g u l a r  f i e l d  l i n e  which runs a.long the  boundary and 

connects t h e  two X-type neut ra . l  points ( A  and B i n  F ig .  1) i n  

t h e  open magnetosphere. t h e n  the in- te rp lane tary  anti t e r r e s t r i a l  

f i e l d s  8 r e  exac t ly  a n t i p a r a l l e l  t h i s  l i n e  l i e s  i n  t h e  geomag- 

net  i c  equa.toria.1 plane.  For more genera l  i n t e rp l ane ta ry - f  i e l d  

d i r e c t i o n s  t h e  conf igura t ion  has been described i n  d e t a i l  by 

Dungey (1963). The two r e s u l t s  a r e  then  checked f o r  cons is -  

tency; t h e  perpendicular  f i e l d  component should be d i r ec t ed  

outwam from t h e  e a r t h  i f  t h e  point of t h e  boundary pene t r a t  

i s  loca ted  below t h e  s i n g u l a r  f i e l d  l i n e  and inward i f  t h e  

p e n e t r a t i o n  poin t  occurs above it. See Figure 1. 

F i n a l l y ,  t h e  mea.sured normal vec tor  i s  compared t o  a 

t h e o r e t i c a l  normal vector obtained by assuming that t h e  mag- 

netopause has t h e  shape found by Mead and B e a r d  (1964). 

.on 







F i n a l l y ,  it should be pointed that the last three 

of' the boundary crossings in Table 1 cccurred during the 

mnfn phase of magnetic starms. A l s o ,  on the inbound pass 

o f  Octcber 7, seve ra l  boundary yenetrations accurred of 

which only t h e  two Tirst ones are reported h e r e .  It ep- 

for a r~umuer cf indivir3tual measurementsl The po in t s  involved 

in t h i s  p~'c.cess ai-2 ind ica ted  in Figures lC-8. It r n a y  be 

noted that the pcintr; corresponding to t h e  lotrest values of 

the  fie1.d intensity [F) have been excluded s ince the deter -  

These p o i n t s  appear i n  parantheses in the  diagrams, The 

resulting f i e l d  - ~ e c t o s s  are ex-jnressed in 8. r ight-hand car -  

*\ 

Here - d 
netic d ipc le  a x i s  and W is ehe u n i t  vec tor  along t k r s  UI- 

i.s a, uni t  vector  cue m r t h  along the e a r t h %  mag- 
1 

A- 

dis turbed  solar-wind velcci ty . ,  The solar wind is taken t@ 

be radial f r o m  the sui but  ar? abberat ion angle of 5 caused 
0 



by t h e  o r b i t a l  motion Of the e a r t h  i s  taken i n t o  account 

i n  the computa,tion of W In Table I1 the magnitudes 

an6 direc-cion ccsines relative -Lo these axes are given 

f o r  the  f i e l d  vectors Fi and F ins ide  and outside t he  

mag.ne-Lopa.us E, re spec t, ive ly 
- ---G 

TABLE I1 -- 

Since a11 boundary-pene~rs-~i~ns occur ra ther  new- t h e  

geomagnetic equatorial plane (Table 1) one woulds for simple 

permanently closed magnetosphere models (Mead., I.g6&) expect 

the internal-field vector ts lie maj.nly along the 3 3  

It i s  clear by inspec t ion  c;f cslumn 5 i n  Table I1 t h a t  t h e  

i n t e r n a l  f ' f e l d  f requent ly  dev ia t e s  strongly from such models a 

axis .  

I n  particular t h i s  i s  t h e  case  f o r  the first inbound cros- 

sing on Octcber 1, (lO/Ol/il). 

field tends t o  oppose the t e r r e s t r i a l  f i e l d  in the  cases 

Xste also t h a t  t he  ex terna l  

considered here. 

NORMAL-FIELD CCMPCMENT 
__I_ 

If the  cu r ren t  layer i s  t h i n  t h e  normal-field component 

should be continuous itcross the  layer. I n  other  wards, t h e  

relations 



+ should ho ld ,  Here v\ denotes t h e  vec tor  noma1 to the 

current layer, .Ei and F are the average f i e l d s  just in- 

side End outside of the  l aye r  and F is the f i e l d  vectar 

at an a,rbi.i.::rsry pint in t h e  current-layer inber ioro  

These r e k % i o n . s  require  2 to be propcjrt ional Lo the 

v€Xt.:or 

- -0 

alsc 'ch.a,.t; 

For each 

i r i t  e I- io r  

app raxi- 

the 

r ~ e a s u r e d  i n  the  cur ren t - l aye r  Lritct'1.ctr A l s o ,  the  ambigu- 

ous sign in t h e  formula i s  c:tzc.se~ GC t h a t  E is d i r e c t e d  

outward. 

useful except in the special c c s c   hen 

T h i s  method of determining t h s  rtoima1 vector is 

- 
Equation ( 7 )  irnplles - t ~ i n t ; E i ,  F 

vec tor  coaponents in t h e  plane perpendicular to the vector  

(Fi-Fo). T h i s  in t u r n  m e a n s  tha-i; any vec to r  perpendicular 

an6 F a , l ~  have t h e  sarne 8-P .)r 

- -  



. 

current-layer in te r ior  a r e  purely unidirect ional  which is 

TABLE I I T  



- n i: ?. :I-*i,b given in Table 111 along with the standard devia- 

tim 6- of the  individual products+-E from the average. 

The ambiguous sign in Eq. (8) is chosen so t h a t %  is 

disected outward- The las t  column i n  Table XI1 contains 

t i le  a u a n t i t a C / G  rv) 

nieasurements used in  the formatton of the average. 

being the number of individual 

This  

c;!uanLity represents the stand.ard deviation of the computed 

a,vera,ge value from the true average, provided t h a t  a l l  

the  ind iv idua l  field vectors i n  the current-layer i n t e r io r  

We covlc1ud.c t h a t  w i t h  a high degree of probability 

a s-i-gnificant magnetic-f ield component perpendicular to 

t"re current-layer surface was present a t  the first in- 

b x m d  corssing on October 1, (lO/0l/il}* 

n:?tosphere was fn a l l  probability open on this occasion. 

Thus the mag- 

Kze-ging in mind that  there  may also be some error in t h e  

\.iq(:i,sy it appears somewhat less certain t h a t  the normal- 

f-i.e?d cmponents for  t h e  cases ( l O / O l / i ,  and f3.0/29/1) 

%:, ~ f - :  sIgiiif icant Finally, the normal-f i e l d  component is 

c l.es,rly insignificant for the  case (09/30/0) which occurred 

- 

Q fesi hours before the onset of' the  October 1 magnetic 

s-tom., Thus -the magnetosphere may have been closed on 

i;;w,t occasion but t h i s  i s  by no means certain. 

e:qlnJaia-tions are also possible 

Other 

.?if; thLs point we  a l s o  note that the large -values 

s ~ g g c s t  t hn t  there must be appreciable local fluctuations 



t 

- 
iz, 01 trse Pie?.? vector should  be negatlve If t he  penetsa-  

= * .  u 

f.- or; paj-nt lies abo-vs the X l i ne  and p o c l t i - e  if it Lies 

lJclow i ; ' 7 i s  line- In other r:ords, 7 and Fan should have 

:%e s a ~ ~  sign. The result  of" t h i s  investigation is 
- -  



swma,rizcd in Table IV. 

TABLE 1-Y 

of the magnetosphere Pa- f'rcra :;he s-kagfiation point.,, Our 

estimate of the lmx,tisn o t  t h e  X fine is prtlbably very 

tuncertain i n  t h f s  case. 



b 

I \T0~7ev.ei., t he  vertex point, located a t  the geocentric 

distance 5 
ta ining the dipole a s h ,  a, and the solar-wind vector. 

ThLs choice is arbitrary but reasonable. Furthermore, 

the axis of symmetry of Mead's surface i s  placed i n  the 

same plane but a t  an angle of '/2 re la t ive  to the geo- 

magnetic eq-ua'corial plane. It may be shorn t h a t  for  

small r\ 
sphere surface a t  em s 4/3 as that  af the  boundary found 

by Spre i te r  and Briggs (1962)~ i n  the plane containing 

4 '3 :)izd 2 The theoretical  noma1 vector, thus determined, 

is  comgared w i t h  n and 3 i n  Table V. Also given is 

the angle A . Note that 

i f  the magnetosphere were closed. 

, is  placed at em= x/3 in %he plane con- 

values t h i s  gives  the same slope of t h e  magneto- 

- 
would be the nornal vector % 

TABLE V 

.065 .196 
e-- --- 20.7 

og/ol/i * 978 --- 
.818 - ,478 - e 320 

09/30/0 .825 - -500 n.264 
898 - 198 - 9 394 8.2 

* 950 - 066 - 307 
978 - .205 022 

907 -9334 m.25 

1 o/o l/ f 2 980 - 156 121 
259 - 904 - 335 -.6 
389 - 863 -0323 

10,'29/: .822 - 9 532 - .206 
' 995 - .051 .og1 
' 925 - a  314 - 217 -21.1 

987 - 151 05g -3-9 
1. lo/sa/r 



The agreernerLs i~etwecn n a n d  e l i h e r  -,Z r? a n d  q is -t - 
i n  genera l  r a t h e r  poor. I n  p a r t i c u l a r  t h i s  is t h e  case 

f o r  t he  crossing (lO/Ol/i,). Regardless of rfhether t h e  

magnetcsphere was open CT c l c s e d  CR Lhis cceasi.cn v e  

~ u s t  conelude t h a t  the magaetc:cm,me s u r f a c e  deviated 

s t rong ly  from the  t h e o r e t i c a l  shape .  There must ha.-m 

been l a r g e  waves o r  bumps i n  the sur face .  As pointed out 

previous ly  the huunda.ry crossing ( 1 O / O l / i 2  1 was pecul ia r  

i n  that Explsr'er 12 WSE i n s i d e  the nagnetosphere and on 

t h a n  one e a r t h  i*acl-ius and passe6  t h e  s a t e l l i t e .  Gut cem- 

putaticjns of t h e  vec to r  nclmial tc t h e  magnetopause sur -  

f a c e  i n d i c a t e  t h a t  t h e  inward iEotj;:n of th i s  s u r f a c e  may 

not have been caused by a uniform ecmp1-essi.on of t h e  

e n t i r e  cavity. Rather i t  o.ppe?rs Like ly  that a. tongue of 

i n t e r p l a n e t a r y  pl_asrr,a, pene t r a t zd  b2ep into the nnagrieto- 

sphere on this nccasicn. l?e emphasize t h a t  this p a r t i c u -  

1a . r  event mcurred during t h e  inaln phase of a. magnetic 

Another point worth ment iming  i s  t k a t  no systematic 

improvement of t h e  agreement between rbL and n or n a n d  q -- t - 
r r s k l d  reg;_?It. by taking account ( ~ f  t h e  pussible e f f e c t s  of 

t h e  sp iral-shaped in te rp lane tary  f i c l d  cin the theoretical 

arientatioc of tile geomagnetic c a v i t y ,  fWatlters, 1964j 

As a consequence r,.C th i s  we haiw n6-l; i n c l u d e d  these  con- 

siderations i n  t h e  coiputa.tion o - P  n t  GI- C t h e  l oca t i cn  cf 

t h e  stagnetictn point 
- .-- 
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We have found some evidence af magnet ic-f ie ld  com- 

ponents perpendicular  t o  t h e  magnetopause su r face  during 

t h e  main phase of t h e  Cc tcbe r  1, 1961, magnetic stcim+ 

On t h e  o t h e r  h a n d ,  the bcundary c w s s i n g  finmediately 

before  t h e  sudden coinmencement of t h a t  storm revealed no 

s i g n i f i c a n t  such component. Thus, it appears likely 

that t h e  !nagnetc.sphere was open d u ~ l n g  T h e  storm main 

phase and it, may have been ci.c\sec! ii.meiiia-tely befcre  the 

storm. Such r7 result V J C I U ~ ~  agree with t h e  suggest ion,  

{Sonnerup, 1964), that t he  enset 02 the  main phase i s  

caused by a change 03: t h e  magne?:ospheric t o p l c r g y .  

Hciwever, o the r  i n t e r p r e t a t i o n s  are  probably also poss ib le .  

A more convirxing proof c.,f t h e  ex is tence  cf X-type 

neutral pGints w o ~ ~ l o  be provided  by two consecut ive 

boundary c ross ings  accur ing  on oppos i te  s i d e s  of t h e  

so-cal led X l i n e ,  i.e. t h e  f i e l d  l i n e  j o i n i n g  t h e  two 

neutral po in t s .  These -t;wo crossings should g i v e  noma1.- 

f i e l d  components of cpposite s ign .  Such cases  may be 

contained i n  the  Explorer 12 d ? t a  but so far ncne have 

been f o u n d .  

be detected i n  the same w a y  provided t h a t  t he  current 

l a y e r  i s  s u f f i c i e n t l y  t h i c k  t o  permit of rveasurable ncrmal- 

f i e l d  components i n  t h e  cu r ren t - l aye r  i n t e r i m .  This  

condi t ion  I s  not fu l - f i l l ed  i n  the cases studied here. 

I n  p r inc ip l e  t h e  O-type neutral. 2 o i n t s  could 

The apparent cur ren t - layer  t h i ckness  i s  of the 

order  of 25 km f o r  t h e  boundaries s tud ied  here* The a .c tual  

thj.ckiir?~s~ c = u l d  Se larger i s  the boundary was moving 



past t h e  s a t e l l i t e .  11" t h e  measured deviations of t h e  

normal vector from t h e  theare t ica .1  noxamal vector are 

csused by waves on the  magnetopause surface it i s  rea- 

ssnable to ex-pect such motion.. Also, in some casesp  

such as 'the inbound pass on Qctnber  1, 1961, there  is 

d i r e c t  evidence of' boundary motion. 

Petschek (1964) has i n t e rp re t ed  the  f i e ld - r eve r s ing  

c u r r e n t  layer of' the clpen magnetosphere a s  a standing 

Alfvcn I , :~T~z ,  a s o - c d l e d  rots:tior,al d-iacoritinuL t y ,  

(1.andau a n d  L i T s h i t z ,  1960l. t n  a s l a t i o m r y  s t a t e  t h e  

4-4 

f i e l d  i n t e n s i t y  must be t h e  same cn b$th sides of such 

a. W V ~  f ron t  a s  weil a s  in its in te r ic t r .  The d i f fe rence  

between (F.) and  {F .)  observed on Oc:-tober 1 (see Table 11; 

could mean t h a t  t h e  cur ren t  l a y e r  vas in a s t a t e  of 8.c- 
-1 ,,Q 

c e l e r a t i o n ,  Another point worth mentioning i s  t h e  marked  

depression of t.he f ' i . e ld  i n t e n s i t y  I n  the current-layer 

i n t e r i c r  on September 30 .  This suggests  t h a t  ehe  layer 

d i d  not have t h e  cha rac t e r  cS a rctaticonal d i s c o n t i n u i t y  

on t h a t  occasian. 

According t o  Petscheck 's  t hwr j r  t h e  rate a t  which 

t h e  frozen-in in t e rp l ane ta ry  f leld liiics reconnect at t he  
B" 

X l i n e  of t h e  open magnetosphere i s  equal t o  t he  Alfven 

layer.  Our r e s u l t s  i nd ica t e  t h a t  this speed i s  about 10% 

of t h e  Alfven speed based on the  total f i e l d  j u s t  outside 

t h e  magnetopause T h i s  result agrees with Petschek'c: 

/ 

p r e d i c t  ions (. 
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FIGURE CAF2'1.8N6: 

Magnetic-field line e m f  igu ra t ion  of the  open magnetosphere 
The two X-type xreu.tra,l po in t s  A ar,d B a re  jolned by the  X- 
line a,long which the f i e l d  reconnection CCCUTS. When t h e  
interplanetary f i e l d  i s  a n t i p a r a l l e l  t o  the equatcr ia l  d i -  
p01.e f i e l d  the X-line lies in the  gemagnetic equ&,tori.al 
plane.  T h e  d a s h e d  Pine Indica tes  the Iecatiei-! of t h e  mag- 
rlet vpau s C.r 

Magnetic-f f e l d  l i n e  configuration of the  closed magnetcsphere 
when t he  external f i e l d  i s  a n t i p a r a l l e l .  t o  the equatorial 
dipole  field. 

Vec-toy d i a g r a m  Cerlning t h e  a n g l e s  d- and The angle& 
l i e s  betwexi the  magnetic-field vec to r  Fin and the spin a x i s .  
The angle  lies between P!ie plz.ne conta in ing  t h e  rrragnetic- 
f i e l d  vector  and t h e  s p i n  a x i s  and t h e  piarre contaivling the 
sun d i r e c t i o n  and the s p i n  a x i s ,  

Complete magnetometer record fcr the inboLtvlcf magnetopause 
peneftration ijf September 3, 1961, 

Complete mcgnetometer reccrd fer  the G u t b o u n d  magnetopause 
g e n e t r a t i o n  an September 30, l g 6 l .  

Complete magnetometer record foi. Lhe f i r s t  inboumd mag- 
netopause p e n e t r a t i o n  on October 1, 1961.. 

Complete magnetometer record f o r  t h e  second inbound Rag- 
netopause pene t r a t ion  on Qc'cober I, 1951, 

Goaplete magnetometer record fr,r t h e  inlxund magnetopause 
p e n e t r a t i o n  on Octaber 29, 1961. 

Survey record of September 3 ,  1961, inbGund pass.. The 
boundary-penetration poin t  analysed i n  t h e  paper  i s  Lndi -  
czted by an arrow. 

Survey record cf September 30, 1961, wtboufid pass. The 
boundary-penetration point i s  i n d l  c a t e d  by a,n arrow., 

Survey record of October 1, 1961, inbound pass, The 
bz~ndar~~-pen~t~ati(~n points a.nalysed i n  the  paper itre 
ind ica ted  by am-cvJs e 

Survey record of October 23,  3.961, inbound pass. The 
boudary-penet ra t ion  point I s  i nd ica t ed  by an arrcw- 
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DIRECTION OF THE MAGNETIC FIELD IN 
RELATION TO THE SUN-SPIN PLANE. 

I 





, 

. 
' .Q 
p. 

c 

F u 
i -  .* 

; d  

L 

. .  
c 

.- 

! 



@ 

0 .* .. 
6 0 0  

4 8  

. w  
* L  

? 
8 

* * . * *  i 

C * .  

f . .* e 



120 

6 

iseo 

46 

0 

IF/ 1 0 0  

60 

0 

. .  
.* 

* . .* 
. * .  . 9 .  

.i 
I 

*. . a * *  .. .- .  .- . 
* .  

.*. . . .... 0 .  ... a .  .* 
* * *  .,. . .. *. .- . . * .  9 

- *  . . .' . ' .  . . . .  . .. . *  * * . '  .* 
*. P . .  

* .  a .  

* * e  

v - 2  - 
_T_I___ I i 

IO.42.15 to. 42.30 10.4245 10.4xm UT 



. * 

s * 



* 

! .  

tY 

c 

a" 

i 



c 

- 
c 
I . 
. 
.I 
I . 
.I 

I I 

.# 

I 

.) 

. 





ei 
M 

9. 

2- 

8 
.) . . 
t . 
U 

z w . 
U 

Y 


